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A B S T R A C T
The effect of a warmer climate on the properties of extratropical cyclones is investigated using simulations of the
ECHAM5 global climate model at resolutions of T213 (60 km) and T319 (40 km). Two periods representative of the
end of the 20th and 21st centuries are investigated using the IPCC A1B scenario. The focus of the paper is on precipitation
for the NH summer and winter seasons, however results from vorticity and winds are also presented. Similar number
of events are identified at both resolutions. There are, however, a greater number of extreme precipitation events in the
higher resolution run. The difference between maximum intensity distributions is shown to be statistically significant
using a Kolmogorov–Smirnov test. A generalized Pareto distribution is used to analyse changes in extreme precipitation
and wind events. In both resolutions, there is an increase in the number of extreme precipitation events in a warmer
climate for all seasons, together with a reduction in return period. This is not associated with any increased vertical
velocity, or with any increase in wind intensity in the winter and spring. However, there is an increase in wind extremes
in the summer and autumn associated with tropical cyclones migrating into the extratropics.
1. Introduction
In recent years, the damage and disruption that can be caused by
extratropical cyclones has been experienced by western Europe,
as well as many other places around the world. This damage
has resulted from the strong winds, extreme precipitation or a
combination of the two associated with extratropical cyclones.
For example, during the summer of 2007, the United Kingdom
experienced three separate extreme rainfall events that were
each associated with an extratropical storm (Blackburn et al.,
2008). These events led to extensive flooding in both northern
and southern England, affecting hundreds of thousands of peo-
ple (Pitt, 2008). In Germany, there were 100 fatalities, as well
as nine billion Euros of damage, when the River Elbe flooded
during August 2002 (Ulbrich et al., 2003) due to extreme rain-
fall over western and central Europe. During November 2009,
Cumbria (United Kingdom) experienced extensive flooding, re-
sulting in 1500 properties being flooded and a death, due to
extreme rainfall associated with an extratropical storm (Sibley,
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2010). In October 2010, a large part of the United States was
affected by floods due to extreme rainfall from an extratropical
storm (Grumm, 2010). In December 1999, windstorm ‘Lothar’
caused billions of Euros in damage and over 50 deaths due to
extreme winds (Wernli et al., 2002). These types of storm events
can occur at any time of year, though ‘windstorms’ tend to be
more prevalent in the winter period when baroclinic processes
dominate and very intense precipitation is often more preva-
lent in the summer period when convective processes are more
important. The risk from extreme winds and precipitation as-
sociated with extratropical storms and possible increases in the
future, both during winter and summer, poses a serious threat to
many mid-latitude regions including the United Kingdom and
western Europe. This includes tropical cyclones undergoing ex-
tratropical transition. The aim of this study is to investigate the
effect of both model resolution and a warmer climate on wind
and precipitation extremes associated with extratropical storms,
with a particular focus on the precipitation during winter (DJF)
and summer (JJA) periods.
The response of the hydrological cycle to a warming climate
depends on the robustness of the response to the increase in
temperature, Held and Soden (2006) discuss that there is confi-
dence that lower tropospheric water vapour will increase as the
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climate warms. Although the Clausius–Clapeyron equation pre-
dicts a 7% per Kelvin increase in water vapour, it is important to
note that global mean precipitation does not increase as rapidly.
One consequence of the increase in lower tropospheric water
vapour is an increase in the horizontal water vapour transport
within the atmosphere, causing an enhancement of the precipi-
tation minus evaporation (P−E), that is, wet areas get wetter and
dry areas get drier. Therefore, assuming the lower tropospheric
relative humidity is unchanged and that the flow is unchanged,
the poleward vapour transport, and the P−E increases propor-
tionally to the lower tropospheric water vapour (Held and Soden,
2006). Therefore, we can expect an increase in the precipitation
from extratropical storms in a warmer climate. This is supported
by several studies that also suggest that a shift toward heavier in-
tense precipitation can be expected over large parts of Europe in
a warming climate (Frei et al., 1998), in particular, the summer
period (Christensen and Christensen, 2004).
The focus of this study is synoptic-scale extratropical storms
with typical lifetimes of several days and travelling thousands of
kilometres. Increases in computational power have meant that
global climate models (GCMs) can be run at much higher resolu-
tions, with the ECHAM5 GCM used in this study being run at a
T319 resolution, which equates to a 40-km horizontal resolution
in comparison to the similar earlier Bengtsson et al. (2009) study
which used the same model run at T213 which equates to a 60-
km resolution. The study of Bengtsson et al. (2009) has shown
that the ECHAM5 model is capable of simulating extratropical
cyclones with great realism.
The previous study of Bengtsson et al. (2009) showed that
significant increases in the cumulative precipitation along the
cyclone tracks are expected in a warmer climate, up to twice the
increase in global precipitation. It was also shown that extreme
precipitation was found to increase close to the globally averaged
increase in column water vapour, around 27% (Bengtsson et al.,
2009). In this study, we will explore the impact of resolution on
these results.
Other studies have used regional climate models (RCMs)
to investigate the effect of a warmer climate on precipitation
for a localized area (Fowler et al., 2007; Maraun et al., 2010;
Nikulin et al., 2011). RCMs typically have greater resolutions
than GCMs, with resolutions typically of the order of 50 km,
suggesting they are capable of representing the spatial patterns
in extreme precipitation events that are not resolved by GCMs
(Fowler et al., 2007). However, these patterns may be depen-
dent on the driving model boundary conditions. RCM studies by
Nikulin et al. (2011), using an RCM with a resolution of 49 km,
suggest that the recurrence time of intense precipitation reduces
in a warmer climate over northern and central Europe, that is,
precipitation extremes will become more frequent in both sum-
mer and winter. The conclusions from the investigation in this
paper using a high-resolution GCM at resolutions comparable
to the RCM studies will be briefly compared to the conclusions
from these RCM studies.
The paper continues in Section 2 with a description of the
GCM simulation, how storms are identified in the model and
the method for retrieving the properties of the tracked storms.
Section 3 discusses the effect of the higher resolution on the
properties of the storms and also looks into the effect of a warm-
ing climate on these events. Section 4 discusses the results and
gives conclusions.
2. Experiment setup and analysis methodologies
This study uses the Max-Planck Institute (MPI) ECHAM5 atmo-
sphere model (Roeckner et al., 2003) integrated at a T319 spec-
tral resolution (ca. 40 km) with 31 levels in the vertical using the
‘time-slice’ method. The climate is simulated for two 20-yr pe-
riods that are representative of the end of the 20th (1980–2000)
and 21st (2080–2100) centuries, using the IPCC scenario A1B
(Nakicenovic et al., 2000). These will be hereafter referred to as
20C and 21C, respectively. This is a higher resolution integra-
tion than the one used by Bengtsson et al. (2009), which used
a T213 spectral resolution (ca. 60 km) of the same model. In
the T213 run, the integration was run for 30 yr in each climate
(1960–1990 and 2070–2100) rather than 20 yr in the T319 run.
The boundary forcings, the SST and sea ice fraction data, are
from ensemble member 2 of the T63 (ca. 208 km) ECHAM5
coupled model integrations for the A1B scenario produced for
the IPCC AR4 (Roeckner et al., 2006). The SST and sea frac-
tion data are interpolated from the original T63 resolution to
the T319 resolution. Both simulations have also previously been
used to study tropical cyclones (Bengtsson et al., 2007).
Cyclones are identified and tracked using the TRACK soft-
ware developed by Hodges (1995, 1999) which here uses the
850-hPa relative vorticity field (ξ 850) to identify and track the
storms. The vorticity field was chosen as it is less influenced by
the large-scale background flow than mean sea level pressure
(MSLP). It also focuses on smaller spatial scales and allows
systems to be identified much earlier in their lifecycle (Hoskins
and Hodges, 2002). The tracking is performed at a reduced
resolution of T42 to enable reliable tracking of the storms as
high-resolution vorticity data can be very noisy (Hoskins and
Hodges, 2002, for details) however, this still identifies more cy-
clones than is typically the case when using higher resolution
MSLP fields (Froude, 2010). Posttracking filters are applied to
consider only those storms that last more than 2 d and travel fur-
ther than 1000 km although we test the sensitivity of the results
to these settings. Extratropical storms for both hemispheres and
all seasons have been investigated, however the Northern Hemi-
sphere (NH) is the main focus in this paper. Storms that originate
in the tropics but move into the extratropics are included, how-
ever, tropical storms that have their entire lifecycle in the tropics
are excluded. The properties of the storms, such as vorticity,
wind speed and precipitation, are determined along the tracks at
the full T319 resolution, similar to that performed in the T213
simulation by Bengtsson et al. (2009).
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The full resolution properties of storms are added back onto
the vorticity tracks using a search within a 5◦ spherical arc
radius from the storms centre for each field. This was found to
be sufficient to capture the extremes. Precipitation is computed
as the area average within this radius. The vertical velocity is
also calculated as the area average within the 5◦ area. The 850-
hPa maximum winds were obtained as a direct search for the
maximum within the region as is the maximum vorticity at full
resolution. The 850-hPa winds were used as these were the only
low-level winds available in the T319 run rather than the 925-
hPa winds used by Bengtsson et al. (2009). The 850-hPa winds
from the T213 run are also used for comparison in this study.
Intensity distributions of maximum winds and vorticity, min-
imum area averaged vertical velocity (ascent) and precipitation
along the tracks are calculated. Two statistical analyses were
performed on these distributions for all the seasons for both
resolutions. A Kolmogorov–Smirnov (KS) two-sample test was
performed to determine whether the increase in resolution causes
a statistically significant change in the distributions under the
null hypothesis that they belong to the same underlying distri-
bution (Table 1), this compares the whole of the distributions.
The KS test is a non-parametric test. Parametric tests, which
typically have a stronger statistical power than non-parametric
tests, are difficult to use on these distributions as there is no
guarantee that the distributions satisfy the assumptions for a
parametric test. The statistical power of a test is the probability
of falsely rejecting the null hypothesis, increasing power reduces
the chance of a false rejection. Other non-parametric tests, such
as the Mann–Whitney U-test, were investigated however it was
decided that the KS two-sample test was most appropriate for
investigating changes in the shapes of the distributions. The KS
test involves creating a cumulative frequency distribution for
each resolution, variable, climate and season, using the same
bin size for all. These are subtracted from each other at each
interval, with the focus being on the largest of these deviations.
Two distributions drawn from the same population would be
expected to be fairly similar except for random deviations from
the population distribution. If the two distributions are ‘too far
apart’ at any point then this suggests that the two distributions
come from different population distributions (Siegel, 1956). A
p-value of less than 0.05 (95%) is chosen as the level at which
the null hypothesis should be rejected.
The second of the statistical analyses was to evaluate the tails
of the distributions using extreme value theory (EVT) statistics.
In this paper, a threshold model, the generalized Pareto distribu-
tion (GPD), is used, where all events that exceed a high threshold
are considered as extreme, that is, the tails of the distributions.
This is known as a peaks-over-threshold (POT) approach. The
generalized extreme value (GEV) distribution, a block maxima
approach, was considered but not used since if one block contains
more extremes than another, the GEV method can be wasteful
of data (Coles, 2001), as is the case in this study. The resulting
POT distributions are approximately described by the GPD.
H (y) = 1 −
(
1 + ψy
σ˜
)−1/ψ
, (1)
Table 1. Results of the Kolmogorov–Smirnov two-sample test, evaluating whether the increase in
resolution is showing a statistically significant change in the distributions, for every field and climate
Variable Climate DJF JJA SON MAM
Winds 20C D 0.0167 0.0279 0.0184 0.0139
p 0.1244 0.0026 0.0883 0.2962
21C D 0.0223 0.0354 0.0224 0.0114
p 0.0178 0.0000 0.0244 0.5719
Vorticity 20C D 0.0904 0.119 0.1116 0.0901
p 0.0000 0.0000 0.0000 0.0000
21C D 0.0925 0.1368 0.1117 0.0965
p 0.0000 0.0000 0.0000 0.0000
Vertical 20C D 0.4948 0.4439 0.9108 0.916
velocity p 0.0000 0.0000 0.0000 0.0000
21C D 0.506 0.4683 0.9186 0.9098
p 0.0000 0.0000 0.0000 0.0000
Precipitation 20C D 0.0267 0.0398 0.0254 0.0246
p 0.0003 0.0000 0.0054 0.0051
21C D 0.0397 0.0285 0.0267 0.012
p 0.0000 0.0023 0.0037 0.4991
Notes: The D row is the maximum separation observed between the two distributions, the p row is the
p-value. The p-value is the probability that a more extreme value can be achieved. A p-value of less than
0.05 (95%) is chosen as the level at which the null hypothesis should be rejected, being marked in bold.
Any value that was <1 × 10−4 is shown to have a value of 0.0000.
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where
σ˜ = σ + ψ(u − μ), (2)
y is the distribution being analysed, ψ is the shape parameter,
σ is the scale parameter, which is a measure of the spread of
the distribution and μ is the location parameter. The GPD the-
orem implies that the threshold excesses have a corresponding
approximate distribution within the generalized Pareto family.
The choice of the threshold value is a balance between bias and
variance. Too low a threshold leads to bias as it will violate the
asymptotic basis of the model. However, too high a threshold
will lead to a high variance due to too few points to estimate the
model with. The standard practice is to adopt as low a thresh-
old as possible, as long as the model still provides a reasonable
approximation (Coles, 2001).
Coles (2001) suggests that a method for selecting the thresh-
old is to calculate ψ for a series of thresholds. For thresholds
that do not cause high variance, the value of ψ should be con-
stant. A mean residual life plot, a plot of mean excess versus
threshold value, is used to select a threshold that does not cause
too much bias, shown by a flat line in the plot. The mean excess
is calculated by
E(Y ) = σ
1 − ψ , (3)
where Y is a distribution that has a GPD. Mean residual life
plots can be difficult to interpret, and therefore the selection of
a threshold is subjective, however the method provides a frame-
work for selecting a suitable threshold. In this paper, the thresh-
old was kept constant for all seasons, resolutions and climates,
therefore a threshold that was valid for all of the analyses was
chosen. For the precipitation field, a threshold of 2.5 mm h−1
was found to have a low variance and not cause too much bias
(e.g. Fig. 1, DJF). A threshold of 45 m s−1 was chosen for the
wind field. To examine further the nature of the storms result-
ing in extremes, the track densities are computed for extreme
storms using the same thresholds as used in the EVT. The densi-
ties are computed using the Kernel method (Hodges, 1996) and
storms selected if they attain their maximum in wind speed or
precipitation north of 30◦N for the T319 simulation.
3. Results
The results for the effect of an increase in resolution, and the
effect of a warmer climate, on the intensity distributions of cy-
clones are discussed later, first for the dynamical fields, then
with a particular focus on precipitation. Several different dynam-
ical measures of the intensity of a storm were chosen, 850-hPa
maximum winds, 850-hPa maximum vorticity and minimum
Fig. 1. Mean residual life plots for the DJF precipitation field for a range of threshold values. The range of thresholds where the line is linear
indicates the range at which the thresholds do not cause bias. The dashed lines represent the 95% confidence intervals.
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Fig. 2. Maximum 850-hPa wind speed along the storm track within a 5◦ area of the storm’s centre for: (a) DJF, (b) MAM, (c) JJA and (d) SON. The
T319 resolution is shown by the solid lines, dashed lines are the T213 resolution. The black lines are for 20C and the grey lines are for 21C. The
insets are the tails of the distributions scaled to 30 yr (90 months).
700-hPa area averaged vertical velocity. The MSLP field was
investigated but was not very interesting and the results are not
shown.
3.1. Winds, Vorticity and Vertical Velocity
The frequency distribution of the full resolution maximum
850-hPa wind intensity along the identified cyclone tracks
for the NH for all four seasons: December–January–February
(DJF), March–April–May (MAM), June–July–August (JJA) and
September–October–November (SON), are shown in Fig. 2. The
insets are the tails of the distributions scaled to 30 yr (90 months).
The effect of the search radius on the wind field was investigated
by Catto (2009), where it was shown that for storms with the
strongest winds, these winds almost always occur within 5◦ of
the system centre.
Comparing the T213 resolution (dashed lines) with the T319
resolution (solid lines) in Fig. 2 shows that the effect of an in-
crease in resolution depends on the season. DJF and MAM both
show very small changes to the distributions. A slight reduction
in the modal intensity is seen, however almost no change is seen
in events with intensities >45 m s−1. For JJA and SON, simi-
lar magnitudes in the response for the modal intensity are seen,
however larger changes are seen in the tails, with a doubling in
the number of events with intensities >45 m s−1. This is possibly
associated with tropical cyclones (see later) that migrate into the
mid-latitudes which can be very sensitive to model resolution
(Bengtsson et al., 2007).
The KS test applied to the different resolutions (Table 1)
suggest that for the 20C the JJA distributions are statistically
different, however for the other 20C distributions it is not pos-
sible to reject the null hypothesis at the 95% level. For 21C,
the KS test suggests that only MAM does not show statistically
different distributions with resolution.
The difference for the extreme events (events with intensi-
ties >45 m s−1) is investigated further using the extreme value
statistics. A threshold of 45 m s−1 was found to ensure a suitable
number of extreme events, that is, not creating a high variance,
while ensuring that the resulting distribution fits the Generalized
Pareto family of distributions, that is, do not create a large bias.
Return levels of the GPD analysis for DJF and JJA are shown in
Fig. 3.
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Fig. 3. Return Level Plots for the maximum 850-hPa wind speed along the storm track within a 5◦ area of the storm’s centre for: DJF (left) and JJA
(right). The dashed lines represent the T213 resolution and the solid lines represent the T319 resolution. The black lines are for 20C and the grey
lines are for 21C.
The effect of the increase in resolution (dashed/solid) is shown
to change the return period for JJA, with return periods becoming
shorter for a given return level. In the T213 resolution run, an
event with a return period of 5 yr has a return level of 55 m s−1.
The return period for this return level in the T319 run, again
for 20C, is 0.5 yr, that is, a 1 in 5 yr event becomes a 1 in
0.5 yr event due to the increase in resolution. Similar results
are seen when comparing the resolutions for 21C. No change
in the return periods can be seen for DJF for either climate,
which corresponds to what was seen in the tails of the intensity
distributions (Fig. 2). The return level plots (Fig. 3) show that
DJF for the T319 resolution run, almost no change in the return
periods/levels is seen. However, in contrast, JJA shows that a 1
in 5 yr event will become a 1 in 2 yr event.
The effect of a warmer climate can be investigated by com-
paring the 20C (black) to the 21C (grey) lines in Fig. 2. DJF and
MAM show a small decrease in the number of events identi-
fied at the modal intensity, and almost no change in the number
of events identified with intensities >45 m s−1. JJA and SON
again show much larger responses to the effect of a warm-
ing climate for events with intensities >45 m s−1, although
a similar magnitude of response for the modal intensity. JJA
shows the largest response to the warming climate, with 50%
more extreme events identified in the warmer climate, for both
resolutions.
The KS tests for the effect of a warmer climate on the 850-
hPa wind distributions (Table 2) were performed for both the
T213 and the T319 integrations. The T213 integration was run
for 30 yr whereas the T319 integration was run for 20 yr. This
is not taken into account in the KS tests, therefore it can be
expected that more robust changes may be seen in the longer
T213 integration than the shorter T319 integration, although
this was tested and no differences as to whether a particular
change can be rejected or not, was observed. The KS tests for
DJF and JJA show that the effect of a warmer climate produces
statistically different distributions. However, the effect on the
SON and MAM distributions shows that the null hypothesis
cannot be rejected.
The nature of the storms associated with the extreme winds
is further explored by computing the track densities for these
storms. The track densities show the spatial distribution of the
storms associated with the extreme events used in the extreme
value statistics (Fig. 4). It is immediately clear that there are
a greater number of storms in DJF than in JJA for both cli-
mates, which is also seen in the tails of the intensity distributions
(Fig. 2). This is not too surprising as DJF is the period when baro-
clinic processes dominate and windstorms are more prevalent.
However, it can also be seen that there is very little change in the
density plots for DJF between the two climates, which is also
seen in the return level plots (Fig. 3). However, there is some
indication of an increase in the extremes extending into northern
Europe in agreement with previous studies (Bengtsson et al.,
2006; Pinto et al., 2007). An increase in density is seen for JJA,
over both the Pacific and the Atlantic in the warmer climate.
From the densities, it is clear that some of these storms have
tropical origins, the increase in number reflects the increase in
intense tropical cyclones in a warmer climate (Bengtsson et al.,
2007).
The increase in resolution is expected to have a larger effect
on the maximum 850-hPa relative vorticity (Fig. 5) than winds,
as it is a second-order field in terms of derivatives. This is seen by
the number of events identified at the modal intensity decreas-
ing by between 15% and 30% with the increase in resolution.
This decrease is largest for DJF (Fig. 5a) and smallest for SON
(Fig. 5d). There is also a shift in the distributions toward more
extreme events in the higher resolution, with events of up to 80 ×
10−5 s−1 seen in the lower resolution T213 run, however events
greater than 100 × 10−5 s−1 are seen in the T319 run. All the
distributions in the higher resolution run are also shown to be
statistically different from the lower resolution runs (Table 1).
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Table 2. Results of the Kolmogorov–Smirnov two-sample test, evaluating whether a warmer climate
leads to a statistically significant change in the distributions, for every field and resolution
Variable Resolution DJF JJA SON MAM
Winds T213 D 0.0199 0.0238 0.0104 0.0119
p 0.0138 0.0049 0.567 0.3475
T319 D 0.0252 0.0342 0.0176 0.0152
p 0.0126 0.0006 0.1999 0.3117
Vorticity T213 D 0.0232 0.0577 0.0268 0.0216
p 0.0067 0.0000 0.0011 0.0099
T319 D 0.0205 0.0841 0.0347 0.0282
p 0.0713 0.0000 0.0003 0.0036
Vertical T213 D 0.0256 0.0284 0.0394 0.0235
velocity p 0.0006 0.0005 0.0000 0.0027
T319 D 0.0216 0.0219 0.0155 0.0191
p 0.0494 0.0845 0.3685 0.1268
Precipitation T213 D 0.0582 0.07949 0.0632 0.0597
p 0.0000 0.0000 0.0000 0.0000
T319 D 0.0762 0.00655 0.0631 0.048
p 0.0000 0.0000 0.0000 0.0000
Notes: A p-value of less than 0.05 (95%) is chosen as the level at which the null hypothesis should be
rejected, being marked in bold. Any value that was <1 × 10−4 is shown to have a value of 0.0000.
The differences in the vorticity distributions are so large that the
KS test is redundant.
The response to a warming climate (Fig. 5) is seen to be more
dependent on the season. DJF (Fig. 5a) shows almost no change
in the distribution due to a warming climate. MAM and SON
(Figs. 5b and d) show a small response, with a reduction in the
number of events identified at the modal intensity and a slight
increase in the number of extreme events. JJA (Fig. 5c) has the
largest response, with a reduction in the number of events at the
modal intensity and an increase in the number of extreme events,
as seen in the wind results. These differences are shown to be
statistically significant (Table 2) except for the 21C DJF.
The 700-hPa vertical velocity field (Fig. 6) was investigated
as precipitation is associated with strong vertical ascent. The
increase in resolution results in large changes to the vertical
velocity distributions (Fig. 6) as vertical velocity is highly de-
pendent on horizontal resolution due to the small horizontal scale
that it operates on. This can be seen across all the seasons with
half the number of events identified at the modal intensity in
the T319 run compared to the T213 run. There is also a shift in
the distribution toward more negative (ascent) velocities. All the
seasons also show the distributions extending to velocities below
−1 Pa s−1, less than the −0.5 Pa s−1 seen in the T213 resolution.
The KS tests (Table 1) show that these differences are due to the
increase in resolution, rather than random deviations. As with
vorticity, the KS test is redundant for the resolution change as
the distributions are so different. Very little change to the distri-
butions due to a warmer climate (Fig. 6) are seen. The changes
to the T213 distributions are statistically significant (Table 2),
however, at the T319 resolution only the DJF distributions are
significantly different. However, there is very little change in the
extremes.
3.2. Precipitation
In this section, the effect of resolution and a warmer climate on
the precipitation associated with the cyclones is explored. First,
however, a sensitivity study was conducted on the trajectories
of the storm and the sampling region for measuring the precip-
itation intensities. The effect of the displacement filter on the
maximum intensity distributions of the precipitation field was
investigated by removing the filter, but keeping the 2-d duration
filter. By excluding the distance criteria, there was around a 60%
increase in the number of low-intensity (<0.75 mm h−1) storms
identified. The distance criteria had no effect on the distribution
of the extreme events (>2.5 mm h−1) identified. Similar results
were also seen for both the wind and vorticity fields. Given this
paper is looking at the extremes, the distance filter was kept to
allow a comparison to the results from Bengtsson et al. (2009),
however for more regional studies where intensities are lower
this may need to be revised.
The sensitivity study for the size of the spherical cap over
which the precipitation is averaged considered a 2.5◦ and 10◦ cap
as well as the original 5◦ cap. As the size of the cap is increased,
fewer events with intensities >2.5 mm h−1 are identified with
an increase in the number of low-intensity events. This is due to
the increased area for the averaging encompassing larger regions
with little or no precipitation. The opposite is true as the size of
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Fig. 4. Track density plots for DJF and JJA wind cyclones with a maximum intensity >45 m s−1 within the extratropics. Track density units are
number density per month per unit area where the unit area is equivalent to a 5◦ spherical cap (106 km2).
the cap is reduced, with an increase in the number of extreme
events being identified (Fig. 7). The effect on the return periods
is to decrease the return period for a given intensity as the size
of the cap is decreased, corresponding to the increase in the
number of extreme events. For a 10◦ cap, there were too few
events identified for return plots to be generated for the chosen
threshold. The cap size was kept at 5◦ to allow comparison with
the results from Bengtsson et al. (2009).
For the full resolution area average precipitation, Fig. 8 shows
that events for intensities <1 mm h−1, the increase in resolution
results in a decrease in the number of events identified. This
decrease is true for events of up to 1.5 mm h−1 in SON, which
shows the largest magnitude response to the increase in reso-
lution at these intensities. The other seasons all show a similar
magnitude of response to each other. The tails of the distributions
with intensities >2.5 mm h−1, hereafter referred to as extreme
show that the increase in resolution results in an increase in the
number of extreme events identified, with upwards of four times
the number of events identified in the JJA 20C. An exception to
this is DJF 20C, which shows no change in the distribution of the
extreme events due to an increase in resolution. This response to
resolution between the different climates is not seen in any of the
other variables discussed (Section 3.1). It might be expected that
a similar result due to the increase in resolution would be seen
in the vertical velocity (Fig. 6a), however this does not appear to
be the case. The KS tests indicate that an increase in resolution
leads to significant differences in the precipitation distributions
in all cases, including DJF 20C, except for MAM 21C (Table 1).
Extreme precipitation events are investigated further using
extreme value statistics, with the return levels for DJF and JJA
using a GPD and a threshold of 2.5 mm h−1 shown in Fig. 9.
The DJF 20C shows almost no change in the return levels due
to an increase in resolution (Fig. 8a). A much larger response is
seen for DJF 21C and for both climates in JJA, with the largest
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Fig. 5. Maximum vorticity intensity along the storm track within a 5◦ area of the storm’s centre for: (a) DJF, (b) MAM, (c) JJA and (d) SON. The
T319 resolution is shown by the solid lines, dashed lines are the T213 resolution. The black lines are for 20C and the grey lines are for 21C.
response seen in JJA 20C where a 1 in 5 yr event becomes
a 1 in 0.5 yr event. These increases in the intensity of extreme
precipitation events are expected with an increase in resolution as
precipitation is a small-scale field. The larger changes during JJA
are likely associated with the sensitivity of convective processes
to resolution and in particular for tropical cyclones (see later).
The effect of a warmer climate on the precipitation can be
seen in both the frequency distributions (Fig. 8) and the return
levels (Fig. 9). For events with intensities <1 mm h−1, a decrease
in the number of events identified is seen. The extreme events
show an increase in the number of events identified, with over
four times the number of events identified in the warmer climate.
The return level plots show that a 1 in 5 yr event becomes a 1
in 0.5 yr event for DJF. For JJA, an event with a 1 in 5 yr return
period decreases to a 1 in a yr event. This response is similar for
both resolutions. These results suggest that extreme precipitation
events from extratropical storms will become more intense and
more frequent. These differences in the distributions due to a
warming climate are statistically significant (Table 2).
To examine the nature of the storms leading to extreme precip-
itation, the track densities are calculated using all the extreme
storms (storms with intensities >2.5 mm h−1) that have their
maximum north of 30◦N. The track densities for the extreme
events are shown in Fig. 10. A large change is seen for both DJF
and JJA due to a warmer climate, with a significant increase in
the density of the tracks in the warmer climate, which agrees
with the tails of the intensity distributions (Fig. 8) and the return
level plots (Fig. 9). For DJF, this increase is seen in both the
Pacific and the Atlantic, although a larger change is seen in the
west of the Atlantic, associated with the Colorado cyclogenesis.
The effect of a warmer climate on the JJA tracks is seen predom-
inantly in the Pacific, with significant increases due to a warmer
climate, although increases over the Atlantic are also seen. The
difference in the track densities between the two regions (also
seen for the winds) suggests that using a fixed threshold for
extreme events may not be suitable when comparing extreme
events from different regions. Using a fixed threshold, a much
larger number of events is identified in the Pacific than in the
Atlantic, which will have an effect on the return level plots.
There is some indication that some of these systems are tropical
in origin in both the Pacific and Atlantic and the increase in ex-
tremes is associated with the intensification of tropical cyclones
in a warmer climate seen in other studies, e.g. Bengtsson et al.
(2007).
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Fig. 6. Area average vertical velocity at 700-hPa along the storm track within a 5◦ area of the storm’s centre for: (a) DJF, (b) MAM, (c) JJA and (d)
SON. The T319 resolution is shown by the solid lines, dashed lines are the T213 resolution. The black lines are for 20C and the grey lines are for 21C.
4. Discussion and Conclusions
Extratropical storms have been studied using data from the T319
integration of the atmosphere only ECHAM5 model forced with
SST data from a coupled model at lower resolution. The simu-
lation was run for two 20-yr periods representative of the 20th
century (1980–2000) and 21st century under the A1B scenario
(2080–2100). The properties of these storms have been inves-
tigated and compared to the results from T213 simulation of
the same model, as used by Bengtsson et al. (2009), which was
run for two 30-yr periods representative of the same climates.
The study has focused on the effect of an increase in resolution
on the dynamical properties of the storms and in particular the
precipitation associated with extratropical storms in the NH, as
well as looking at the effect of a warmer climate on these events.
Results show that the cyclone properties are highly dependent
on resolution, even at these relatively high resolutions for cli-
mate models. In fact the resolutions used here are comparable
to the resolutions often used in RCM. This raises the impor-
tant question of what resolutions do we actually need to use
to capture cyclone properties, in particular precipitation and to
have confidence in their use to predict the future climate. The
results also show that the response of the cyclone properties to a
warmer climate are also dependent on the model resolution but
for either resolution the changes between 20C and 21C are con-
siderably smaller than the changes associated with the change
in resolution. The total number of storms identified in the higher
resolution run was very similar to the number of events iden-
tified in the lower resolution run. The effect of the increased
resolution depended on the field investigated. Fields such as the
wind speed, a first-order field in terms of derivatives, show a
small change due to resolution. Vorticity, a second-order field,
and the vertical velocity showed an increase in the number of
extreme events, with a corresponding decrease in the number
of low-intensity events, typical of a shift in the distribution.
The precipitation field showed a large increase in the number
of extreme events due to the increase in resolution, except for
DJF 20C where no increase was seen. This is likely a conse-
quence of the relative importance of convective processes that
are resolution-dependent and are less important during winter.
Similar results as in Bengtsson et al. (2009) for changes due
to a warmer climate were found. There is a small change in the
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Fig. 7. Sensitivity of the distributions of the precipitation field to the size of the search area from the storm’s centre along the storm track for: (a)
DJF and (b) JJA. The 2.5◦ area is shown by the dotted lines, the 5◦ area is shown by the solid lines and the 10◦ area is shown by the dashed lines.
The black lines are for 20C and the grey lines are for 21C. The insets are the tails of the distributions scaled to 30 yr (90 months).
intensity distributions for wind, with negligible changes to the
extremes, except for JJA, which shows a large increase in the
number of extreme events. This is thought to be due to an in-
crease in the intensity of tropical cyclones in a warmer climate as
discussed in Bengtsson et al. (2007) and which migrate into high
latitudes, evidence for this is seen in the track densities. The rela-
tive vorticity shows little change in the distributions, again except
for JJA, where a shift toward extreme events similar to the results
Fig. 8. Area average precipitation along the storm track within a 5◦ area of the storm’s centre for: (a) DJF, (b) MAM, (c) JJA and (d) SON. The
T319 resolution is shown by the solid lines, dashed lines are the T213 resolution. The black lines are for 20C and the grey lines are for 21C. The
insets are the tails of the distributions scaled to 30 yr (90 months).
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Fig. 9. Return Level Plots for the area average precipitation along the storm track within a 5◦ area of the storm’s centre for: DJF (left) and JJA
(right). The dashed lines represent the T213 resolution, the solid lines represent the T319 resolution. The black lines are for 20C and the grey lines
are for 21C.
for wind. Again this is likely related to tropical systems migrat-
ing into the mid-latitudes. The changes to the vertical velocity
distributions are also negligible. However, large changes in the
precipitation distributions are seen, with significant increases in
the number of extreme events identified in the warmer climate.
The return period for a summer 1 in 5 yr event has been shown to
become a 1 in a yr event. A similar reduction in the return period
is seen for winter events. Previous, non-precipitation associated,
POT GPD work on the T63 integration of the ECHAM5 model
by Della-Marta and Pinto (2009) and Sienz et al. (2010) also
showed, at a more regional scale, that the return periods for the
maximum vorticity of winter (October–March) storms, for all
intensities, decrease due to a warmer climate, with a particular
focus on the British Isles, North Sea and western Europe, how-
ever, this is more likely related to a shift in the storm tracks.
The magnitude of the changes due to a warmer climate in the
T319 integration is similar to the magnitude of the changes seen
in the T213 integration, apart from the DJF 20C precipitation
exception.
The results in this paper have been compared to earlier results
by Bengtsson et al. (2009), but not to any validation data, such as
ERA-40 or ERA-Interim. This type of validation is difficult for
precipitation due to spin-up in the reanalyses. Bengtsson et al.
(2009) discuss the ability of the T213 integration of the model
used in this study to reproduce the typical lifecycle and structure
of storms when compared with ERA40. Ulbrich et al. (2008)
also suggest that the ECHAM5 model provides realistic results.
The role of internal variability is not discussed due to the require-
ment for much longer simulations at these resolutions. CMIP5
may offer some scope for this although the CMIP5 models will
mostly be at much lower resolutions than used here. The T319
integration results suggest that with an increase in the resolution,
more extreme events are identified in both climates specifically
in terms of precipitation. This study suggests that events such as
the summer 2007 floods and the November 2009 flood experi-
enced in the United Kingdom could become more severe, due to
the increase in the intensity of the extreme precipitation events,
although a more regional-based analysis of the data is required to
confirm this. This agrees with the RCM projections by Nikulin
et al. (2011) for central Europe. This has large implications for
managing these events, with the potential for more people to be
affected by floods.
The increase in JJA precipitation and winds in a warmer
climate could be due to tropical cyclones as discussed by
Bengtsson et al. (2007). There is no apparent increase in dy-
namical variables such as winds, vorticity or vertical velocity
in DJF, when storms are at their most intense, even though an
increase in precipitation is seen, for the whole NH. This was also
found in other studies, for example, Bengtsson et al. (2009) and
Watterson (2006). Bengtsson et al. (2009) suggest that a possi-
ble reason is due to the competing processes between a decrease
in low-level baroclinicity, associated with weaker temperature
gradients, against an increase in latent heat from the increase in
precipitation. The study of O’Gorman (2010) suggests that the
increase latent heat affects smaller scale convective storms more
in JJA. This is reflected to some extent in the results here where
storms are more intense in precipitation in JJA. Other studies,
for example, Pinto et al. (2007, 2009), have shown an increase
in the upper air baroclinicity, as well as an increase in the polar
jet intensity, specifically for the North Pacific basin. Dacre and
Gray (2009) also suggest an increase in high-latitude cyclones
that are formed when a large upper level trough moves over the
ocean (Deveson et al., 2002), due to a warmer climate. A better
understanding of the diabatic processes that occur in storms is
needed to better inform whether the increase in precipitation
will lead to such consequences. It is also noted that the T319
integration was only run for two 20-yr periods, which is quite
short. To further test the robustness of the results, it would be
useful to have much longer runs for each climate. Even the 30-yr
periods of the T213 simulation can be considered rather short
for robust statistics. In fact this is the main reason for concentrat-
ing on hemispheric statistics rather than regional statistics since
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Fig. 10. Track density plots for the DJF and JJA area averaged precipitation cyclones with a maximum intensity >2.5 mm h−1 within the
extratropics. Track density units are number density per month per unit area where the unit area is equivalent to a 5◦ spherical cap (106 km2).
for regions such short time periods will introduce even larger
sampling uncertainties.
A more regional analysis may show different results due to
changes in the storm track location, or more local effects. How-
ever, as noted earlier, if comparing different regions using ex-
treme value statistics, it is important to consider the threshold
used, and whether a fixed threshold across all the regions is suit-
able, or varying the thresholds may be more appropriate. The
horizontal resolution of the T319 integration of the ECHAM5
model used in this study is about 40 km, which is a similar
resolution to some RCMs. To investigate the effect of a warmer
climate on precipitation for more specific areas, for example the
United Kingdom, extreme events could be downscaled to a very
high resolution of 1–4km to better examine cyclone properties,
in particular precipitation. However, this requires the computing
resources and as with other studies, the results will depend on
the driving model. A more attractive solution is to use GCM
at very high resolutions (∼10 km or less) which is now begin-
ning to happen in projects such as ATHENA (Jung et al., 2011)
though significant resources are required.
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